ABSTRACT Using a sample of BzK-selected galaxies at z ∼ 2 identified from the CFHT/WIRCAM near-infrared survey of GOODS-North, we discuss the relation between star formation rate (SFR), specific star formation rate (SSFR), and stellar mass (M * ), and the clustering of galaxies as a function of these parameters. For star-forming galaxies (sBzKs), the UV-based SFR, corrected for extinction, scales with the stellar mass as SFR ∝ M * α with α = 0.74 ± 0.20 down to M * ∼ 10 9 M ⊙ , indicating a weak dependence on the stellar mass of the star formation rate efficiency, namely, SSFR. We also measure the angular correlation function and hence infer the correlation length for sBzK galaxies as a function of M * , SFR, and SSFR, as well as K-band apparent magnitude. We show that passive galaxies (pBzKs) are more strongly clustered than sBzK galaxies at a given stellar mass, mirroring the color−density relation seen at lower redshifts. We also find that the correlation length of sBzK galaxies ranges from 4 to 20 h −1 Mpc, being a strong function of M K , M * , and SFR. On the other hand, the clustering dependence on SSFR changes abruptly at 2 × 10 −9 yr −1 , which is the typical value for "main sequence" starforming galaxies at z ∼ 2. We show that the correlation length reaches a minimum at this characteristic value, and is larger for galaxies with both smaller and larger SSFRs; a dichotomy that is only marginally implied from the predictions of the semi-analytical models. Our results suggest that there are two types of environmental effects at work at z ∼ 2. Stronger clustering for relatively quiescent galaxies implies that the environment has started to play a role in quenching star formation. At the same time, stronger clustering for galaxies with elevated SSFRs ("starbursts") might be attributed to an increased efficiency for galaxy interactions and mergers in dense environments.
the most important problems in extra-galactic astronomy. Recent studies have suggested that the critical epoch for building up galaxy mass and shaping galaxy properties is around z ∼ 2, as the peak in the cosmic star formation rate density lies at this redshift (Dickinson et al. 2003; Hopkins 2004; Hopkins & Beacom 2006; Chary & Pope 2010) . Similar trends have also been discovered for AGN/QSO activity (Richards et al. 2006) . Furthermore, the number and stellar mass density of quiescent galaxies have been found to build up rapidly since this epoch (Arnouts et al. 2007) . Therefore, it is essential to probe the properties and abundance of galaxies at this epoch and beyond in order to understand galaxy evolution. One method which selects z > 1 galaxies is the socalled BzK color selection. Specifically at 1.4 < z < 2.5, this method has been shown to efficiently separate star-formation dominated sources from those already in a passive phase of galaxy evolution (Daddi et al. 2004) .
While large numbers of z ∼ 2 galaxies have been routinely discovered by deep imaging surveys, we still lack a complete picture of the connection between different galaxy properties at this era, and in particular the interplay between the host dark matter halos and galaxies. One method to quantify the masses of dark matter halos that host the galaxies is to measure the amplitude of galaxy clustering. Within the cold dark matter (CDM) model, it is well known that more massive dark matter haloes are more strongly clustered (e.g., Baugh et al. 1999; Mo & White 2002) . Despite this, the details of the spatial distribution of galaxies may be complex due to the additional physical processes affecting galaxies during their for-mation and evolutionary histories, for instance, super-novae and AGN feedback (e.g., Kay et al. 2002; Benson et al. 2003; Somerville et al. 2008 ). However, under simple assumptions or through halo occupation distribution (HOD) modeling, one can infer the host halo mass of galaxies through their clustering strength (Bertin et al. 2002; Kravtsov et al. 2004; Zheng et al. 2005; Tinker et al. 2005) .
Observations at z < 1.5 suggested that the clustering amplitude depends strongly on galaxy properties such as morphology, color, and luminosity (Norberg et al. 2002; Zehavi et al. 2002; Coil et al. 2008; de la Torre et al. 2011) . At z ∼ 3 and higher redshifts it has also been found that the clustering strength increases with UV-continuum luminosity and hence SFR for UV-selected Lyman Break Galaxies (Giavalisco & Dickinson 2001; Foucaud et al. 2003; Adelberger et al. 2005; Kashikawa et al. 2006 ; Lee et al. 2006; Ouchi et al. 2004; Yoshida et al. 2008 ). However, the situation for z ∼ 2 populations is less clear. There have been several attempts to study the clustering of BzK-selected populations. Most of these focused on the dependence of clustering on K−band magnitude and galaxy types (star-forming BzKs vs passive BzKs; Kong et al. 2006; Hayashi et al. 2007; Blanc et al. 2008; Hartley et al. 2008; McCracken et al. 2010) . Only a few studies have probed the clustering dependence on other properties such as stellar mass (M * ), star formation rate (SFR), and specific star formation rate (SSFR = SFR/stellar mass) at z ∼ 2 (Foucaud et al. 2010; Wake et al. 2011; Magliocchetti et al. 2011; Savoy et al. 2011) . This was partly due to the difficulty in obtaining deep and yet wide-field near-infrared (NIR) imaging, which is critical for the BzK selection. The samples were typically drawn from either small deep fields or shallow wide surveys, and therefore lacked the dynamic range required for sampling the properties of interest.
Thanks to the new-generation of wide-field NIR imagers, deep NIR galaxy surveys have now become possible, allowing one to probe both bright and faint populations of galaxies simultaneously. In this work, we carry out the first systematic study of clustering as a function of various galaxy properties for BzK-selected galaxies down to K s ∼ 24.0 (AB mag), selected from the multiwavelength data in the Great Observatories Origins Deep Survey (GOODS: Giavalisco et al. 2004 ) North field (GOODS-N). The relation between clustering strength and SSFR is particularly interesting because we can gain insight into the relation between the halo mass, and thereby environment, and star formation efficiency. Previous work suggests that environment plays an important role at low redshifts in quenching the star formation of galaxies (Dressler 1980; Balogh et al. 1998; Gómez et al. 2003; Kauffmann et al. 2004) , but that this effect reverses at z ∼ 1 (Elbaz et al. 2007; Cooper et al. 2008 ). However, a recent study by Quadri et al. (2012) investigating the quiescent fraction as a function of local density found in contrast that the SFR−density relation continues at least out to z ∼ 1.8. The role of environment at z > 1 is thus still under debate, although different results may be attributed to different definitions of the 'SFR−density' relation (see §4.2). Instead of using local density measurements, in this work we use the clustering strength as a probe of halo mass and thus environment. This has the advantage of avoiding noisy density measurements due to either photometric redshift errors, or incomplete sampling in the spectroscopic redshift samples given that the method relies on the projected distributions alone.
The paper is organized as follow. The data sets, BzK samples, and the methods used in this paper to compute the stellar mass and star formation rate are described in §2. The results of the relation between SFR, SSFR, and M * , and the clustering analysis are presented in §3. We discuss the implications of our results in §4, followed by a brief summary in §5. Throughout this paper we adopt the following cosmology:
, Ω m = 0.3 and Ω Λ = 0.7. We adopt the Hubble constant h = 0.7 when calculating rest-frame magnitudes. We use a Salpeter IMF when deriving stellar masses and star formation rates. All magnitudes are given in the AB system. Wang et al. (2010) ; here we use our own reductions (L. Lin et al., in preparation) . The data were first pre-processed using the SIMPLE Imaging and Mosaicking PipeLinE (Wang et al. 2010) , and then combined to produce deep stacks with the AstrOmatic software 'SCAMP' (Bertin 2006) and 'SWarp' (Bertin et al. 2002) 16 . The resulting 5σ limiting magnitudes using 2-arcsec diameter circular apertures, reach J = 24.6 and K s = 24.0 in the central 420 arcmin 2 . The optical data used in this work comes from two sources: one is the HST/ACS B 435 , V 606 , i 775 , and z 850 v2.0 catalog from the GOODS HST Treasury Program (Giavalisco et al. 2004) ; the other includes the ground-based U band imaging obtained on the KPNO Mayall 4-m telescope and the BV Riz bands taken with Subaru (Capak et al. 2004 ). The GOODS-N has also been imaged with IRAC at 3.6, 4.5, 5.8, and 8.0µm , taken as part of the GOODS Spitzer Legacy program (PI: M. Dickinson). The area used in this work is limited to the ACS coverage of 10' × 16' = 160 arcmin 2 . The photometry for each band is done using a software package with object template-fitting method (TFIT; Laidler et al. 2007 ) based on the ACS z-band detections. For each object, TFIT constructs a template using the spatial position and morphology of the object in the ACS z-band image. Such a template is then convolved with the PSF of other lowresolution images and then fit to the images of the object in other bands. The best-fitting fluxes are then considered as the final fluxes of the object in low-resolution bands. The ACS photometry is measured in dual-mode with SExtractor while photometry in other bands is measured by TFIT with z-band template (N. Grogin, et al. in preparation.) Our star-forming BzK galaxies (hereafter sBzKs) are selected using HST /ACS B and z bands, and the CFHT WIRCAM K s band, following the BzK method developed by Daddi et al. (2004) . We add 0.3 mag to the z − K color of the dividing lines that separate the sBzK galaxies, passive BzK galaxies (hereafter pBzKs), stars, and foreground/background galaxies (hereafter non-BzKs), in order to account for the photometry offsets due to different filter systems and zeropoint calibrations. The sBzK galaxies are selected to be those ob-jects with
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Stars are also identified by the relation
The B − z versus z − K distribution of our sample is shown in Figure 1 . We require signal-to-noise ratios S/N > 5 in both the z and K bands 17 . Moreover, we further apply a magnitude cut of [4.5] < 25.3 mag, corresponding to a 5-σ limiting mag in [4.5] so we can obtain reliable stellar mass measurement. For objects undetected in the B-band, if their B 2σlim − z and z − K colors satisfy the pBzK criteria, we classify them as pBzK galaxies, where B 2σlim is the B band 2σ limiting magnitude. On the other hand, we treat the remaining objects without detections in B as unclassified BzK galaxies (hereafter uBzKs). In total, we classified 4496 sBzKs, 45 pBzKs, 179 uBzKs, 341 stars, and 5791 non-BzKs. The BzK sample used in this work probes galaxies fainter than previous clustering studies of BzKs by 0.5-1 mag in the K-band.
The photometric redshifts (hereafter z phot ) were obtained by fitting ground-based UBV RizJK photometry using the public "BPZ" photometric redshift code (Benitez 2000) . The rms of our z phot when compared to the spectroscopic redshifts of the same objects is about 0.07(1 + z) with 6.5% outliers at 0.1 < z < 3.0. Spectroscopic redshifts used for our z phot calibration were compiled from several published and unpublished sources, particularly Cohen et al. (2000) , Wirth et al. (2004) , Reddy et al. (2006b) , Barger et al. (2008) , and D. Stern et al. (in preparation) . This spectroscopic redshift catalog consists of 4308 objects up to z ∼ 6.7, among which 639 objects satisfy our sBzK selection. Although the spectroscopic sample contains objects with K−band mag down to 25.0, they are systematically brighter than the full BzK sample used in this work. The K−band magnitude of the 639 sBzK-selected galaxies with spectroscopic redshift measurement peaks around 23.0, while that of the full sBzK sample peaks at K ∼ 24.0.
The z phot distributions of the sBzK and the non-BzK populations, together with the spectroscopic redshift distribution of sBzK-selected galaxies which have a spectroscopic identification, are shown in Figure 2 . It can be seen that although the original design of the sBzK selection is to pick up galaxies at 1.4 < z < 2.5, the redshift distribution of our sample suggests that there is non-negligible contamination from galaxies at z < 1.4 as well as those at z > 2.5 (also see Barger et al. 2008) . Such contamination however does not affect our clustering results in Section 3.2 since we take into account redshift distribution when converting the angular cluster amplitude into the real-space clustering strength. For those BzK galaxies which do not have a photometric redshift measurement because of detection in limited bandpasses or whose redshifts fall out of the redshift range 1 < z phot < 4, we assign their reshifts to be the median z phot for a given subsample used in the clustering analysis. None of our conclusions change if we restrict our sample to only those with photometric redshift measurement.
The ACS B 435 band samples rest-frame wavelengths ranging from 1200 to 1800 Å for the BzK galaxies (1.4 < z < 2.5),
The sBzKs, pBzKs, foreground/background galaxies (non-BzKs), and stars are classified according to the four regions separated by the solid and dashed lines as adopted by Daddi et al. (2004) with additional small adjustments to account for the filter differences. Stars represent the pBzK galaxies that are detected in the B-band while the arrows denote the objects not detected in the B-band, but their B 2σlim − z and z − K colors satisfy the pBzK criteria.
FIG. 2.-Photometric redshift distributions for sBzK (blue histogram) and non-BzK galaxies (green histogram). The blue curve represents the best fit of the Gaussian parameterizing the z phot distribution for sBzK galaxies. Objects with photometric redshift value smaller than 0.1 are not shown. For comparison, we also show the spectroscopic redshift distribution for those sBzK galaxies that have a spectroscopic redshift identification (red histogram). allowing us to estimate the rest-frame UV luminosity at 1500 Å. According to Daddi et al. (2004) , the reddening for sBzK galaxies correlates well with the observed (B − z) color in the following way:
One potential caveat of this approach is that the above empirical relation is derived based on a brighter sBzK sample with K < 22 (Daddi et al. 2004 ), and has not been directly tested for fainter K-selected galaxies. However, the colorreddening relation for sBzK galaxies was defined assuming the dust attenuation law from Calzetti et al. (2000) , and midand far-infrared observations (Reddy et al. 2006a (Reddy et al. , 2012 have shown that this law works well, on average, for typical L * Lyman break galaxies at z ∼ 2, which significantly overlap with fainter sBzK-selected samples. Considering the Calzetti extinction law (Calzetti et al. 2000) , we compute the SFR by converting the extinction corrected L ν (1500 Å) using the following equation from Daddi et al. (2004) :
To estimate the stellar mass, we follow a similar method to that adopted in Daddi et al. (2004) , but using the observed IRAC 4.5 µm magnitude and [3.6] -[4.5] color instead. We parameterize the stellar mass in the form of :
(6) The a 1 and a 2 values given in Table 1 are estimated based on a calibration of Eq. 6 against the stellar mass derived from the SED fitting code 'FAST' (Kriek et al. 2009 ) for a subset of bright sBzK galaxies, which have decent detections in multiple bands and spectroscopic redshift measurements. Although the depth of the 4.5 µm data allows us to probe the BzK sample down to M * ∼ 10 9 M ⊙ , our sample is also limited by the depth in B−, z−, and K− bands which are used for the BzK selection. Similar to Eq. 6, one can also estimate stellar mass using the K− band mag and the z − K color as adopted by Daddi et al. (2004) . As a result, we are likely missing galaxies with red z − K colors in the stellar mass range 10 9.0 M ⊙ < M * < 10 10 M ⊙ given our depth in K. In this work, we carry out the analysis down to M * ∼ 10 9 M ⊙ , and we will discuss the effect caused by the incompleteness.
3. RESULTS 3.1. SFR − M * and SSFR − M * relations We begin by showing SFR versus stellar mass for a subset of the BzK sample with 1.8 < z phot < 2.2 in Figure  3 (left panel). Although the SFR is estimated using the UV light corrected for dust extinction, rather than using the full SED fitting, there is a clear sequence of sBzK galaxies in the SFR−M * relation, as seen in other work that includes IR SFR tracers (Wuyts et al. 2011; Rodighiero et al. 2011) . Using SFR ∝ M α * , the slope α for our sBzK galaxies is found to be 0.74 ± 0.20 over the stellar mass range 10 9 M ⊙ < M * < 10 11 M ⊙ . Both the slope and the normalization are in good agreement with previous studies at z ∼ 2 (Daddi et al. 2007; Pannella et al. 2009; Wuyts et al. 2011; Rodighiero et al. 2011 ). However, this work extends the stellar mass limit further down to 10 9 M ⊙ . As mentioned in §2, it is possible that we are missing galaxies with red z − K colors, namely, the relatively quiescent galaxies, in the low mass end. If this is true, we would overestimate the SFR for less massive sBzK galaxies, and therefore the slope of our derived SFR−M * relation should be regarded as a lower limit. Also shown in Figure 3 is the 1-σ distribution of the SFR−M * relation at z ∼ 2 as predicted by the Lagos et al. (2011) GALFORM model, implemented on the halo merger trees of the Millennium Simulation (Springel et al. 2005 ). The GALFORM model is a semi-analytical model of galaxy formation that was originally introduced in Cole et al. (2000 , see Baugh 2006 for a review). The SFR and M * are directly taken from the GALFORM output. The IMF adopted in the model is a Kennicutt IMF (Kennicutt 1983 ), so we add 0.3 dex to both the SFR and M * to convert them into a Salpeter IMF. It appears that the model predicts larger scatters in SFR and under-predicts the SFR for a given stellar mass compared to our observations by roughly a factor of 2−4.
In the right panel of Figure 3 we plot the SSFR as a function of the stellar mass. Our data suggest that the sBzK galaxies are forming stars with slightly weaker dependence on stellar mass than what is observed at lower redshifts (Noeske et al. 2007; . The slope of our SSFR−M * relation (−0.26 ± 0.20) is flatter than other work based on optical to mid-IR SFR tracers (Feulner et al. 2005; Reddy et al. 2006a; Erb et al. 2006; Papovich et al. 2006; Rodighiero et al. 2010) at z ∼ 2, but is consistent with the results derived from radio SFR tracers (Dunne et al. 2009; Pannella et al. 2009 ). This flattening of the SSFR-M * relation at z ∼ 2 has recently been interpreted as the dawn of downsizing (Pannella et al. 2009 ), in the sense that star formation had not ceased in massive galaxies at these redshifts.
It is worth noting that some of the sBzK galaxies, in particular for more massive ones, have very low SSFR consistent with that of pBzK galaxies, as revealed in Figure 3 . This may be partly due to the contamination of passive galaxies that are being scattered into the sBzK selection (Quadri et al. 2007 ), leading to a potential underestimation of the median SSFR for intrinsically massive star-forming galaxies. In addition, the inclusion of passive galaxies in the sBzK sample may also affect the results of clustering of galaxies with low SSFR for which we will discuss in §3.2. Nevertheless we expect that the contamination rate should be low given the much lower number density of passive galaxies compared to that of sBzK galaxies and hence our main results regarding the SSFR (or SFR) − M * relation and the clustering analysis should not be significantly affected.
Clustering Properties
We measure the angular correlation function (ACF) for the sBzK galaxies using data and random catalogs with the estimator proposed by Landy & Szalay (1993) :
where DD(θ), DR(θ), and RR(θ) are the number of data-data, data-random and random-random pair counts with separations between θ and θ + δθ, and n D and n R are number of galaxies in the data and random catalogs. Figure 4 shows the ACF measured for the GOODS-N sBzK sample, which is binned according to K-band magnitudes, M * , SFR, and SSFR. The error bars in each θ bin are based on the 1σ Poisson statistics of the pair counts in the bins and hence are not correlated FIG. 3.-Left: SFR and stellar mass correlation for BzK galaxies in GOODS-N. Right: SSFR and stellar mass correlation. sBzK galaxies are shown using small black dots. The green triangles and blue filled circles represent the median values of the star-forming galaxies in the GOODS-N sample and in the GALFORM model predictions respectively. Star-forming galaxies in the GALFORM model refer to those galaxies with SSFR greater than 10 −11 yr −1 . pBzK galaxies in GOODS-N are shown using red stars. The ones with arrows represent those pBzK galaxies that are undetected in B. The upper limits of SFR or SSFR are estimated using the 2-σ B-band limiting magnitudes. The error bars represent the 1-σ distribution in each stellar mass bin. across the bins. We fit our ACF with a power law
where γ is fixed to be 1.8 and C is the integral constraint which accounts for the finite region of the sky probed in the sample. Following Roche et al. (1999) , we estimate the integral constraint using
which gives a value of C = 7.86 in our case. The 1σ error on the amplitude A ω is computed from the covariance matrix output by the IDL fitting program "mpfitfun".
To convert the 2-D clustering amplitude A ω into the 3-D correlation length r 0 , we use Limber's inversion (Limber 1953; Magliocchetti & Maddox 1999) , assuming a Gaussian redshift distribution for our BzK sample. Ideally, we should fit a Gaussian to each subsample to derive the peak and the width of its photo-z distribution. However, the sizes of some subsamples are too small to derive meaningful fitting results. Instead, we set the mean of the Gaussian to be the median of the photometric redshift distribution for each subset, and adopt a global width of 0.47 derived from the deconvolution of the photo-z width of the whole sBzK sample with the photometric redshift error (see Fig. 2 ). However, it is important to note that r 0 is sensitive to the adopted width of redshift distribution, being larger for broader width for a given clustering amplitude A ω . Therefore if the width varies among different subsamples, it might introduce bias in the trend we see below. To take into account this effect, we also compute r 0 in the case of a width of 0.3 which is a good estimate of the minimum value of the width across our subsample 18 , and find that r 0 decreases by 22% compared to the case of width = 0.47. We then add this 22% error in quadrature when estimating the error of r 0 .
The masses of the halos hosting the galaxies are estimated from r 0 in three different ways. The first and simplest method is to assume that each halo hosts only one galaxy, and the selected sample corresponds to a narrow range of halo mass. Table 2 . The values of SSFR which appear in the legend are in units of 10 −9 yr −1 .
The second method also assumes one-to-one correspondence between halos and galaxies, but the selected samples are allowed to be hosted by halos above a certain minimum halo mass M min . The third method takes into account the Halo Occupation Distribution (HOD), which parameterizes the number of galaxies as a function of halo mass, allowing the possibility that halos can host more than one galaxy. Given our small sample size in each bin, we are not able to perform a full HOD analysis by fitting the ACF with one-halo and two-halo terms. Instead of fitting the HOD parameters, we follow the recipe of Zheng et al. (2007) and model the number of galaxies hosted by a dark matter halo with mass M as N(M) = 1 + M/M 1 , with M 1 = 20M min for M > M min , where M min is the minimum halo mass needed to host one galaxy and M 1 is the mass when a halo hosts two galaxies. We then compute the expected r 0 for a given M min and compare that to the r 0 derived in our sample. For a given M min , one can compute the effective r 0 defined as the sum of the r 0 of all halos with M > M min weighted by N(M), divided by the total number of halos of with M > M min . We note that the HOD adopted here may be oversimplified and not optimized for our sample. Nevertheless, it provides a good approximation to how the halo mass varies for a given r 0 due to differences in the r 0 −mass conversions. The derived clustering strength, inferred halo mass from the above three approaches, as well as other sample characteristics, are given in Table 2 . Figure 5 plots the 3-D correlation length as functions of K s , M * , SFR and SSFR for sBzK galaxies. First, we confirm previous results that the clustering amplitude increases as K brightness increases (Figure 4a and 5a ). This correlation between the K-band brightness and the clustering amplitude is often interpreted as clustering strength increasing with galaxy stellar mass, as seen at lower redshifts. Since we now have an improved stellar mass estimator from IRAC fluxes (see Eq. 6), we are able to probe the stellar mass dependence of the ACF directly (Figure 4b and 5b) . It is evident that there exists a strong dependence of the ACF on stellar mass down to the stellar mass limit of 10 9 M ⊙ , which is consistent with the findings by Wake et al. (2011) . A similar trend is also seen as a function of the UV-derived star formation rate (Figure 4c and Figure 5c ), as reported by Savoy et al. (2011) . Moreover in Figure 5b , we find that the pBzK galaxies are more clustered FIG. 5 .-Correlation length r 0 for sBzK galaxies as a function of (a) K-band magnitude, (b) stellar mass, (c) star formation rate, and (d) specific star formation rate. The black filled circles denote the results of sBzK galaxies in our sample. As a comparison, the results of pBzK galaxies are shown in red triangles. The SSFR of pBzK galaxies is arbitrary assigned to be 4×10 −11 yr −1 in the lower-right panel. It can be seen that pBzK galaxies are more strongly clustered than most sBzK galaxies. The gray shaded areas represent 1-σ predictions from the semi-analytical galaxy formation model of Lagos et al. (2011). than sBzK galaxies with similar stellar masses.
On the other hand, there is not a monotonic dependence of clustering strength on the specific star formation rate. The correlation length, r 0 , decreases with increasing SSFR for galaxies with SSFR below 2 × 10 −9 yr −1 , but increases with SSFR for galaxies exceeding this threshold.
As a comparison to the HOD predictions, we also show the predictions for how the clustering strength depends upon the K-band, M * , SFR and SSFR values output by the GALFORM model. The GALFORM results, along with 1-σ uncertainties, are indicated by the grey shaded region in Figure 5 . It can be seen that the semi-analytical model predicts similar trends for K-band magnitude and M * dependence, as seen in the observations, but this dependence is typically weaker in the model. On the other hand, although the GALFORM model predictions roughly agree with the r 0 −SFR relation for galaxies with SFR < 50 M ⊙ yr −1 , the models have few galaxies with SFRs as large as those we infer for the real sBzK galaxies, limiting the range over which we can make the comparison. As a consequence, it is not straightforward to make comparisons in the r 0 −SSFR relation between model and observations due to the narrower dynamical range of SSFR in the model, although there is marginal hint of the up-turn signature in the model predictions. In order to understand whether this discrepancy is due to selection effects, such as color selection, or the physical treatment in the model, it is necessary to carry out an analysis in the model as it was done in this BzK galaxy sample. This will be addressed in a forthcoming paper (Merson et al. 2012 ).
4. DISCUSSION 4.1. Comparison of r 0 between sBzK galaxies and other dusty star-forming galaxies at z ∼ 2 In this work, we find that for star-forming BzK galaxies at z ∼ 2, the clustering amplitude decreases with the apparent K−band magnitude, in good agreement with previous studies (Hayashi et al. 2007; Hartley et al. 2008; McCracken et al. 2010 ), but our work extends these studies to less luminous populations by almost one magnitude. We also observe a positive correlation between stellar mass and clustering strength for sBzK galaxies. The inferred spatial correlation length is ∼ 4.5 h −1 Mpc for galaxies with stellar mass around 2 ×10 9 FIG. 6.-Correlation length r 0 of sBzK galaxies binned in SFR from this study (SFR increases from left to right among blue symbols; see Table 2 ), compared to the measurements of DOGs (green symbols) and SMGs (red symbols) from previous studies.
FIG. 7.-The relation between r 0 and specific star formation rate of sBzK galaxies for different stellar mass bins: 9.0 < log(M * /M ⊙ ) < 9.5 (red circles), 9.5 < log(M * /M ⊙ ) < 10.0 (green triangles), and 10.0 < log(M * /M ⊙ ) < 10.5 (blue squares). It can be seen that the dichotomy shown in the lowerleft panel of Figure 5 still holds at fixed stellar masses.
M ⊙ and increases to ∼ 13.9 h −1 Mpc for galaxies of 1.5 ×10 11 M ⊙ . Moreover, the clustering amplitude also depends on SFR, being stronger for galaxies with higher SFR. This trend may not be surprising given the good correlation between SFR and M * . We find that the least actively star-forming systems, with Mpc and are hosted by dark matter halos with masses above 2.8−4.5 × 10 13 M ⊙ , depending on the actual HOD models. Figure 6 compares our clustering measurement of sBzK galaxies to those for other dusty, star-forming systems at similar redshifts. The correlation length we find for sBzK galaxies with SFR > 100 M ⊙ yr −1 , 14.1 ± 3.5 h −1 Mpc, is in broad agreement with that of submillimeter galaxies from recent studies (Weiß et al. 2009; Williams et al. 2011; Hickox et al. 2012) , which obtained a r 0 of 7.7 − 13.6 h −1 Mpc. It is also consistent with r 0 = 12.97
Mpc from a measurement of 24 µm -selected (F 24 > 0.6 mJy) dust-obscured galaxies (Brodwin et al. 2008) , echoing the finding that highly starforming BzKs and brighter dust-obscured galaxies may actually be the same populations (Pope et al. 2008; Meger et al. 2011) . Moreover, the correlation length of our ULIRGlike sBzK galaxies is also comparable to that of far-infrared sources detected at 100µm and 160µm with the PACS instrument on Herschel in the GOODS-South field, which have typical correlation lengths of 17.3−19 Mpc, or equivalently, 12.2 − 13.3 h −1 Mpc, assuming h = 0.7 (Magliocchetti et al. 2011) . Despite that the aforementioned populations are selected using different techniques, all these results appear to be converging: at z ∼ 2, the most rapidly star-forming galaxies are strongly clustered, and highly star-forming BzK's may be linked to and/or overlapping with very dusty systems, based upon the similarities of their correlation lengths.
Environment quenching and triggering of SFR?
In the local Universe, it is known that star formation is a strong function of environment, being less active in dense environments (Gómez et al. 2003; Kauffmann et al. 2004) . It is also well established that the star formation rate is correlated with stellar mass at all redshifts (Feulner et al. 2005; Noeske et al. 2007; Pérez-González et al. 2008) . Since the stellar mass distributions of galaxies in different environments differ, then whether the SFR−environment relation is a purely environment effect, or is governed by the stellar mass is still under debate. Recent work at lower redshift (z < 1) has suggested that both mass and environment are responsible for shaping the properties of galaxies and that their effects are separable (Bamford et al. 2008; Peng et al. 2010; Sobral et al. 2011) . The net effect is that in dense environments, or in massive dark-matter halos 19 , the averaged star formation rate is smaller than that of galaxies located in under-dense regions (or hosted by less-massive halos).
The SFR−environment relation can be probed in various ways, including the SFR−density, SSFR−density, and color−density relations. The first two relations can be dervied by measuring the averaged SFR and SSFR as a function of overdensity, while the third relation usually refers to either the relationship between the galaxy color and the overdensity, or the fraction of quiescent galaxies as a function of overdensity. As different probes may result in different results, it is crucial to specify which method is being quoted when interpreting the results as discussed in Patel et al. (2011) . For instance, at z ∼ 1, it has been shown that, when considering the populations of both star-forming and quiescent galaxies altogether, the SSFR−density and color−density relations follow a similar trend as that found locally (Cooper et al. 2007 (Cooper et al. , 2008 , while the SFR-density relation is reversed in the sense that the averaged SFR increases with density (Elbaz et al. 2007; Cooper et al. 2008) , primarily due to a population of bright, blue galaxies, as well as dusty LIRGs in overdense environments at this epoch (Cooper et al. 2006; Elbaz et al. 2007; Cooper et al. 2008) 20 . Nevertheless these studies used spectroscopic redshift samples which normally suffer from incomplete sampling of galaxies, leading to large uncertainties in the environment measurements. Recent work by Quadri et al. (2012) , who study the fraction of quiescent galaxies using a photometric redshift sample drawn from the UKIDSS UltraDeep Survey (UDS; O. Almaini 2011, in preparation), claims that the color−density relation persists out to z ∼ 2 at all stellar masses, although they caution about the large uncertainties due to the errors in the photometric redshift.
Here we try to address the question of when environment comes to play with a different approach from a local density measurement: we measure the clustering strength as a function of SSFR among star forming galaxies, and also that for different galaxy types (star-forming vs passive). If galaxies with lower SSFR tend to located in the denser environments, we should see a larger correlation length for galaxies with lower SSFR, based on the assumption that the clustering strength, and hence the halo mass, is strongly correlated with the local density. The advantage of using SSFR instead of SFR is that SSFR measures the star formation efficiency directly, and hence it is easier to interpret the results.
Interestingly, our results suggest that there are two populations separated in the r 0 −SSFR diagram (Figure 5d ) by SSFR ∼ 2 × 10 −9 yr −1 , which corresponds to the main sequence value reported at z ∼ 2 (Daddi et al. 2007; Rodighiero et al. 2011 ). For galaxies with SSFR < 2 × 10 −9 yr −1 (hereafter the low SSFR population), r 0 increases rapidly with decreasing SSFR, while r 0 increases mildly but significantly with increasing SSFR for galaxies with SSFR above the threshold (hereafter high SSFR population).
Negative SSFR − r0 relation: environment quenching of star formation
The anticorrelation between r 0 and SSFR for the low SSFR population can be understood as an environmental effect similar to that seen at lower redshifts. For example, using GALEX and SDSS samples at z < 0.3, Heinis et al. (2009) found that the galaxy clustering also declines strongly with SSFR. The explanation of those sBzK galaxies with very low SSFR in our sample are likely to be that they are falling into the denser environments where their star-formation activities are more effectively suppressed. Since their SSFR values are in between the sBzK and pBzK galaxies, it suggests that these may be galaxies in transition between the main sequence and the quiescent population. And in fact, their clustering strength is indeed consistent with that of pBzK galaxies.
On the other hand, since SSFR anticorrelates with stellar mass for sBzK as shown in the right panel of Figure 3 , galaxies with lower SSFR tend to have higher M * and thus one might expect them to cluster more strongly, providing an alternative explanation for the anticorrelation between r 0 and SSFR for low SSFR population. However, such an effect might not be dominant in the redshift range we are probing, as it appears that the stellar mass dependence of SSFR in our sample is weak and can not account for the strong correlation we see in the r 0 −SSFR relation. In order to further test whether the observed r 0 −SSFR relation is due to the combination of r 0 −stellar mass and SSFR-stellar mass correlations, we study the r 0 −SSFR relation in several stellar mass bins wherever we have enough statistics. As shown in Figure 7 , we still see r 0 increases with decreasing SSFR for galaxies with SSFR below the critical value 2 × 10 −9 yr −1 , even in subsamples divided by stellar mass. We note that this result is robust against the incompleteness due to the missing of relatively quiescent galaxies (red z − K color) in the low stellar mass bins as mentioned in §2 since they will only show up in the low SSFR end of the plot if they do exist.
This implies that the r 0 −SSFR relation we see is not purely due to the stellar mass effect. Moreover, not only the sBzK galaxies with small SSFR, but the clustering strength of our pBzK galaxies is also found to be greater than that of the bulk of sBzK galaxies with similar stellar masses (see Figure 5) , suggesting that quiescent galaxies preferentially reside in denser environments. The negative r 0 −SSFR relation we found for the low SSFR population is analogous to the monotonic decline in the mean overdensity with increasing SSFR that is seen at lower redshifts (e.g. see Figure 9 of Cooper et al. 2008 ). Furthermore, the higher clustering of pBzK galaxies relative to that of sBzK galaxies also mirrors the color-density relation found at lower redshifts in which the averaged overdensity is greater for galaxies with redder rest-frame colors (Cooper et al. 2006) . In other words, our results imply that some external processes that suppress the star formation activity in dense environments have started as early as z ∼ 2. On the other hand, the positive correlation between r 0 and SFR as shown in Figure 5c is likely due to the increasing population of massive star-forming galaxies in denser environment, similar to that found at z ∼ 1 (Elbaz et al. 2007; Cooper et al. 2008) .
From Figure 5 , it is also noted that the r 0 −SSFR has a steeper slope within the low SSFR range (SSFR < 2 × 10 −9 yr −1 ), compared to the r 0 −M * relation, indicating that r 0 is more sensitive to SSFR than M * . This trend can be further illustrated in Figure 7 : there exists a clear SSFR dependence of r 0 when splitting according to M * , while the variation of r 0 among different M * values is smaller for a fixed SSFR. Similar effect was also observed in a clustering study of the SDSS sample done by Heinis et al. (2009) , who claims that SSFR is a more sensitive probe of the halo mass than M * . Our result shows that such trend extends out to z ∼ 2 as well.
Positive SSFR − r0 relation: environment triggering of star formation
On the other hand, the trend we see for the high SSFR population is not well-understood. According to their clustering strength, they have typical halo masses in the range 10 11 to 10 13 M ⊙ (see Table 2 ). However, Figure 3 shows that galaxies with the largest SSFRs tend to have relatively smaller stellar masses. Their stronger clustering therefore seems like a surprising deviation from the main r 0 − M * relation seen for the sBzK population as a whole (Figure 5b ). Figure 7 shows that this positive correlation between r 0 and SSFR for high SSFR population is seen in all stellar mass bins.
A possible explanation of our result is that the elevated SSFR ("starbursts") is driven by mechanisms that are associated with more massive halos, even if the stellar masses of the starbursting galaxies are low. Galaxy interactions and mergers, for example, can trigger star formation activity (Barton et al. 2000; Lambas et al. 2003; Nikolic et al. 2004; Lin et al. 2007; Ellison et al. 2008) , and they are found to preferentially occur in denser environments (Lin et al. 2010; de Ravel et al. 2011; Jian et al. 2012) . In addition, the largescale tidal field caused by groups/clusters can also induce starbursts in interacting galaxies (Martig & Bournaud 2008) . The working assumption is thus that the low stellar mass systems with enhanced SSFR are the ones located in denser environments where interactions between galaxies are more common. If this is the case, one may question whether the high clustering amplitude can be attributed to the presence of close neighbors at small scales. However, we emphasize that the close pairs with angular separation less than 0.001 deg are excluded when fitting the clustering amplitude, and therefore the high correlation length found for these high SSFR galaxies is directly linked to their large-scale environments. Infall shocking is another mechanism which is more effective in massive halos. This may also compress the gas in galaxies, resulting in bursts of star formation. Such environment-driven enhanced star formation activity has also already been found in some cluster studies at z > 1 (Hilton et al. 2010; Tran et al. 2010) . We note that the enhanced star formation activity in denser environments may not be easily seen in conventional environment studies which look for the quiescent fraction as a function of environment because the red (or blue) fraction may not change significantly even if the averaged star formation efficiency changes.
Our finding concerning a dichotomy in the r 0 -SSFR relation thus suggests that there are two opposite environmental effects influencing the star formation rate: quenching and triggering. While star formation can be reduced or quenched for galaxies located in denser environments, some other galaxies residing in similar environments can have their star formation rates enhanced instead. Whether the mechanisms responsible for these two effects are related or not is still not clear. One explanation is related to the well-accepted hypothesis that galaxy mergers, commonly found in denser environments, can enhance star formation during the merger process, and then the remnants quickly become red and dead due to the lack of gas which is used up during the starbursting phase, or being blown out by the AGN activity. One way to test this picture is to look for merger signatures of galaxies with elevated or suppressed SSFR. Recent study on the morphologies of starbursting galaxies at z ∼ 2 already suggests that about 50% of these sources are associated with interacting and merging galaxies (Kartaltepe et al. 2011) . It would be interesting to conduct a similar analysis for galaxies with suppressed SSFR as well.
CONCLUSION
We have taken advantage of deep HST /ACS data and CFHT/WIRCAM NIR data to identify z ∼ 2 galaxies using BzK color selection in the GOODS-N region. We have derived galaxy star-formation rates based on extinction corrected UV luminosity and calculated stellar masses with the Spitzer/IRAC 3.6µm and 4.5µm photometry in order to study the clustering properties as a function of K-band magnitude, stellar mass (M * ), star formation rate (SFR), and specific star formation rate (SSFR=SFR/M * ). Our main conclusions are as follows: 2. The clustering amplitude of sBzK galaxies is a strong function of K-band magnitude and stellar mass, increasing for more massive and brighter galaxies.
3. Highly star-forming galaxies are more strongly clustered than galaxies with low star formation rates, which is in line with the correlation between SFR and stellar mass.
4. For the first time, we find that the correlation length reaches a minimum at SSFR of 2 × 10 −9 yr −1 , the typical value for the "main sequence" of star-forming galaxies at z ∼ 2. The correlation length is larger for galaxies with both smaller and larger SSFRs. Such a dichotomy holds even at fixed stellar mass. Our results suggest that environment has two effects: quenching and inducing the star formation activities. Stronger clustering for galaxies with relatively low SSFR implies that environment has started playing a role in quenching star formation at z ∼ 2, while another environment effect, galaxy interactions and mergers, might explain the elevated SSFRs ("starbursts") in more massive halos (denser environment).
5. Passive galaxies (pBzKs) are more strongly clustered than sBzK galaxies at a given stellar mass, suggesting that the color−density relation is in place at z ∼ 2. The correlation length r 0 of pBzK galaxies is measured to be 24.6±7.0 h −1 Mpc, which is larger than that of sBzK galaxies but is similar to that of sBzK galaxies with the lowest SSFRs.
6. Our results suggest that current Durham semi-analytical models of galaxy formation appear to underestimate the SFR and predict larger scatter in SFR for star-forming galaxies of a given stellar mass. As a result, the predicted r 0 −SFR and r 0 −SSFR relations cannot be directly compared to the observed results, although the K and M * dependence of clustering is in better agreement with observations.
One caveat in our analysis, however, lies in the small sample size that prevents us from a more comprehensive HOD analysis. The ongoing Spitzer Extended Deep Survey (SEDS; PI: G. Fazio), combined with existing multi-wavelength data in several extra-galactic fields, will provide larger samples with better determined photometric redshifts and stellar mass measurements. This survey will thus allow improved modeling of the relationships between halo mass and the galaxy properties through the combined clustering and abundance analysis.
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21.0 < Ks < 21.5 2.21 86 0.014270 ± 0.004534 17.4 ± 4.9 5.2 ± 0.8 (7.2 ± 2.9) × 10 13 (5.0 ± 2.3) × 10 13 (4.9 ± 2.3) × 10 13 21.5 < Ks < 22.0 2.13 183 0.005461 ± 0.001084 10.3 ± 2.5 3.3 ± 0.3 (1.9 ± 0.6) × 10 13 (1.1 ± 0.4) × 10 13 (1.0 ± 0.4) × 10 13 22.0 < Ks < 22.5 2.15 295 0.003008 ± 0.000658 7.4 ± 1.9 2.4 ± 0.3 (7.1 ± 2.8) × 10 12 (3.4 ± 1.5) × 10 12 (3.0 ± 1.5) × 10 12 22.5 < Ks < 23.0 2.24 441 0.002025 ± 0.000491 5.8 ± 1.5 2.0 ± 0.2 (3.2 ± 1.6) × 10 12 (1.3 ± 0.8) × 10 12 (1.1 ± 0.7) × 10 12 23.0 < Ks < 23.5 2.19 702 0.002514 ± 0.000256 6.6 ± 1.5 2.2 ± 0.1 (5.0 ± 1.0) × 10 12 (2.2 ± 0.5) × 10 12 (1.9 ± 0.5) × 10 12 23.5 < Ks < 24.0 2.12 1029 0.001151 ± 0.000165 4.3 ± 1.0 1.5 ± 0.1 (9.3 ± 3.4) × 10 11 (3.4 ± 1.4) × 10 11 (2.1 ± 1.1) × 10 11 9.0 < log(M * /M ⊙ ) < 9.5 1.78 1688 0.001157 ± 0.000104 4.5 ± 1.0 1.5 ± 0.1 (1.3 ± 0.3) × 10 12 (4.7 ± 1.2) × 10 11 (2.9 ± 0.9) × 10 11 9.5 < log(M * /M ⊙ ) < 10.0 2.13 1201 0.001817 ± 0.000135 5.6 ± 1.2 1.9 ± 0.1 (2.7 ± 0.4) × 10 12 (1.1 ± 0.2) × 10 12 (8.9 ± 1.7) × 10 11 10.0 < log(M * /M ⊙ ) < 10.5 2.23 732 0.002291 ± 0.000255 6.3 ± 1.4 2.1 ± 0.1 (4.1 ± 0.9) × 10 12 (1.8 ± 0.5) × 10 12 (1.5 ± 0.4) × 10 12 10.5 < log(M * /M ⊙ ) < 11.0 2.26 340 0.005888 ± 0.000636 10.6 ± 2.4 3.3 ± 0.2 (2.1 ± 0.4) × 10 13 (1.2 ± 0.2) × 10 13 (1.1 ± 0.2) × 10 13 log(M * /M ⊙ ) > 11.0 2.27 107 0.009662 ± 0.002961 13.9 ± 3.9 4.3 ± 0.7 (4.3 ± 1.8) × 10 13 (2.7 ± 1.3) × 10 13 (2.6 ± 1.3) × 10 13 1.0 < SFR/(M ⊙ yr −1 ) < 5.0 1.84 851 0.001527 ± 0.000186 5.3 ± 1.2 1.7 ± 0.1 (2.3 ± 0.6) × 10 12 (9.1 ± 2.7) × 10 11 (6.8 ± 2.5) × 10 11 5.0 < SFR/(M ⊙ yr −1 ) < 10 2.06 1013 0.001392 ± 0.000162 4.9 ± 1.1 1.7 ± 0.1 (1.5 ± 0.4) × 10 12 (5.9 ± 1.8) × 10 11 (4.3 ± 1.6) × 10 11 10 < SFR/(M ⊙ yr −1 ) < 30 2.13 1243 0.001814 ± 0.000133 5.6 ± 1.2 1.9 ± 0.1 (2.7 ± 0.4) × 10 12 (1.1 ± 0.2) × 10 12 (8.9 ± 1.8) × 10 11 30 < SFR/(M ⊙ yr −1 ) < 60 2.27 484 0.002571 ± 0.000437 6.6 ± 1.6 2.2 ± 0.2 (5.0 ± 1.6) × 10 12 (2.3 ± 0.8) × 10 12 (2.0 ± 0.8) × 10 12 60 < SFR/(M ⊙ yr −1 ) < 100 2.33 203 0.005680 ± 0.001059 10.2 ± 2.5 3.3 ± 0.3 (1.9 ± 0.6) × 10 13 (1.1 ± 0.4) × 10 13 (1.0 ± 0.4) × 10 13 SFR/(M ⊙ yr −1 ) > 100.0 2.21 218 0.009798 ± 0.002099 14.1 ± 3.5 4.4 ± 0.5 (4.5 ± 1.3) × 10 13 (2.8 ± 0.9) × 10 13 (2.8 ± 0.9) × 10 13 2 × 10 −10 < SSFR/yr −1 < 4.5 × 10 −10 2.33 105 0.018360 ± 0.002629 19.6 ± 4.6 5.8 ± 0.4 (9.6 ± 1.6) × 10 13 (6.8 ± 1.4) × 10 13 (6.8 ± 1.4) × 10 13 4.5 × 10 −10 < SSFR/yr −1 < 7.5 × 10 −10 2.22 146 0.005615 ± 0.001473 10.3 ± 2.7 3.3 ± 0.4 (1.9 ± 0.8) × 10 13 (1.1 ± 0.5) × 10 13 (1.0 ± 0.5) × 10 13 7.5 × 10 −10 < SSFR/yr −1 < 1.5 × 10 −9 2.13 708 0.001666 ± 0.000267 5.3 ± 1.3 1.8 ± 0.1 (2.2 ± 0.8) × 10 12 (8.9 ± 3.6) × 10 11 (6.9 ± 3.2) × 10 11 1.5 × 10 −9 < SSFR/yr −1 < 3.5 × 10 −9 2.13 1883 0.001141 ± 0.000090 4.3 ± 1.0 1.5 ± 0.1 (9.1 ± 1.8) × 10 11 (3.3 ± 0.7) × 10 11 (2.1 ± 0.6) × 10 11 3.5 × 10 −9 < SSFR/yr −1 < 7 × 10 −9
1.79 847 0.003525 ± 0.000308 8.4 ± 1.9 2.6 ± 0.1 (1.3 ± 0.2) × 10 13 (6.2 ± 1.1) × 10 12 (5.6 ± 1.0) × 10 12 SSFR/yr −1 > 7 × 10 −9 2.38 301 0.005726 ± 0.000639 10.2 ± 2.3 3.3 ± 0.2 (1.9 ± 0.3) × 10 13 (1.0 ± 0.2) × 10 13 (1.0 ± 0.2) × 10 13 pBzK's 1.99 44 0.025320 ± 0.008292 24.6 ± 7.0 7.1 ± 1.2 (1.5 ± 0.6) × 10 14 (1.2 ± 0.5) × 10 14 (1.2 ± 0.5) × 10 14 NOTE.
-All values listed above are for the sBzK galaxies except for the last row, which is for the pBzK galaxies. Halo mass in M⊙ inferred directly from the Mo & White (2002) formalism for the value of r0 ; (e) Minimum halo mass in M⊙ assuming r0 is the effective clustering strength averaged over halos above a certain threshold; ( f ) Minimum halo mass in M⊙ assuming that r0 is the effective clustering strength averaged over halos above a certain threshold and weighted by the applied HOD, as described in the text.
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